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SUMMARY 
1 b54 8' 
Emphasis during t h i s  period has been placed on the study of 
the  Kadomtsev i n s t a b i l i t y  which per ta ins  t o  the  behavior of a col-  
l i s i o n  dominated plasma i n  a magnetic f i e l d .  
i n  the posi t ive column of an e l e c t r i c a l  discharge i n  helium has 
extended the  r e s u l t s  obtained by other workers t o  include the e f f ec t  
of a transverse component of the  magnetic f i e ld .  The Kadomtsev 
theory has been successfully modified t o  account fo r  the major 
features  of  the experimental r e su l t s .  
Work on t h i s  i n s t a b i l i t y  
A fur ther  aspect of plasma transport  phenomena has been studied. 
This concerns the  i n i t i a l  value aspects of the conduction of heat 
i n  a plasma and follows the  previous s tudies  dealing with plasma 
d i f fus ion  from t h i s  point of view. , 
A study of the  non-Maxwellian form of the electron veloci ty  
d i s t r ibu t ion  function i n  the  nitrogen afterglow plasma i s  reported. 
This work was done by combining the use of the  magnetoplasma wave- 
guide c e l l ,  previously developed, with the gated microwave radiometer. 
The major features  of the d is t r ibu t ion  function i n  the  ea r ly  a f t e r -  
glow have been revealed. 
behavior of the  electron gas i n  t h e  nitrogen afterglow, which was 
previously reported, has been expiained . 
Because of t h i s  work the  apparently anomalous 
Design, construction and the taking of preliminary performance 
da ta  f o r  various parts of the cesium plasma c e l l  has proceeded. The 
fi lament and hot p l a t e  s t ructures  have been constructed and operated. 
The design of t h e  probes and the  cesium ovens and d e t a i l s  of the 
complete assembly are described. 
2 
STUDIES OF ANOMALOUS DIFFUSION ACROSS A MAGNETIC FIELD 
The Kadomtsev I n s t a b i l i t y  of the  Posi t ive Column 
It has been known f o r  some time t h a t  many laboratory plasmas w i l l  exhibit 
anomalous e f fec ts  when immersed i n  su f f i c i en t ly  strong magnetic f i e l d s  (1,2). 
During the  present report  period a subs tan t ia l  e f f o r t  w a s  devoted t o  s tud ies  
of the  posi t ive column of an e l e c t r i c a l  discharge i n  helium, immersed i n  a 
magnetic f ie ld .  
behavior: 
Emphasis was placed on the study of two aspects of the plasma 
1. The t r a n s i t i o n  from c l a s s i c a l  t o  anomalous behavior. 
2. The charac te r i s t ics  of the  observed anomalous behavior. 
Lehnert (3) has observed t h a t  a longi tudinal  magnetic f i e l d  can enhance 
t h e  diffusion of a posi t ive column when the f i e l d  s t rength  exceeds a c r i t i c a l  
value, 
i n g  t h a t  the column becomes macroscopically unstable above a ce r t a in  value of 
magnetic f i e ld .  
the  t r e a t m e n t  of t he  "Kadomtsev i n s t a b i l i t y "  and showed t h a t  it can arise 
whenever gradients e x i s t  parallel t o  a magnetic f i e l d  i n  a weakly ionized plasma. 
Be. Kadomtsev and Nedospasov (4)  explained Lehnert's r e s u l t s  by show- 
This work was extended by Cherrington (5), who generalized 
It has been observed i n  t h i s  laboratory and elsewhere (6) t h a t  strong, 
uniform osc i l l a t ions  appear i n  the  posi t ive column when the  f i e l d  s t rength 
reaches Be. 
Langmuir probe inser ted in to  a helium pos i t ive  column. 
f i e l d  strength beyond Bc 
t i o n  and r e su l t s  i n  an eventual de te r iora t ion  i n t o  turbulent  behavior. The 
effect of t h e  increased f i e l d  s t rength upon the  fundamental component of the 
o s c i l l a t i o n  i s  summarized i n  figure 2. 
qua l i ta t ive ly  similar t o  those of figure 2 regardless  of t he  gas pressure and 
discharge current. 
Figure 1 shows an example of t h i s  behavior as detected by a 
Increasing the  magnetic 
g rea t ly  increases the  harmonic content of the  o s c i l l a -  
A l l  results obtained t o  date a re  
The Effects  of a Transverse Component of Magnetic F ie ld  
The Kadomtsev theory describes the  e f f e c t  of a magnetic f i e l d  which i s  
aligned w i t h  t he  e lectr ic  f i e l d  applied t o  the  plasma. 
plasma c e l l  i n  the magnetic f i e l d  can be described i n  terms of t he  presence 
of a transverse component of the  magnetic f i e l d .  
both the  o r  e t  i c a l l y  and exper i mentally . 
A misalignment of the 
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Pressure = 0.28 torr 
Scales 
100 ps/cm horizontal 
5 v/cm vertical 
FIGURE: 1. 
s i t i o n  t o  Anomalous Behavior for the  Positive Column i n  Helium. 
magnetic f i e l d  s t rength (Bc) i s  1380 gauss. 
The Strong Osci l la t ion on a Langrnuir Probe which Marks the Tran- 
The c r i t i c a l  
Helium Discharge, I = 50mo. 
Pressure = 0.32 torr 
R = !.A cm. 
Frequency Turbulence 
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FIGURF: 2. Frequency and Amplitude Characterist ics of t h e  Strong Osci l la t ion 




Kadorntsev and Nedospasov (4)  consider the s t a b i l i t y  of a screw-shaped 
perturbation of t he  plasma density n ( r )  given by 
(1) n(r )  = J,(@,) exp [ i m 6  + i kz + i c u t  3 
where m i s  an  integer and the  other symbols have t h e i r  usual  meaning. They 
then a r r i v e  a t  the following s t a b i l i t y  c r i t e r i o n  
4 2 E 
T 
& + G k  + C ?  m D -  B 
where 
E i s  the e l e c t r i c  f i e l d  along the  column 
B i s  the longi tudinal  magnetic f i e l d  
Te i s  the electron temperature 
0 . 8 ( y +  2 )  a 2 
G =  
Y 
3.83 2.54 - 
' o  = R Bl - R 
i s  the  ion mobility bi 
i s  the  electron mobility be 
R i s  the radius of the column 
t i s  the e lec t ron  mean f r ee  t i m e  
We have modified the  der ivat ion of equation (2) t o  include the e f f e c t s  
of a component of the magnetic f i e l d  which i s  t ransverse t o  the  pos i t ive  
column. We obtain the following modified s t a b i l i t y  c r i te r ion :  
2 where p = 1 + ( a ' i ' t a n  0 )  (4) 
and t a n  0 i s  the r a t i o  between transverse and longi tudinal  components of 
magnetic f i e l d .  
The cri teria can be i l l u s t r a t e d  graphically as l o c i  i n  the  E/T vs  B 
plane as shown i n  figure 3. Any combination of E/T and B t h a t  f a l l s  below 
a p lo t ted  curve i s  s table;  any combination that f a l l s  above i s  unstable. 
curves i n  figure 3 have been calculated f o r  a helium posi t ive column of radius  
1.8 cm a t  a pressure of 0.30 Torr. 
The 
Kadomtsev Theory - - - 
Modified Theory  
for e =  3' 
Unstable 
\ 
"\\ 8 = 3 O  
I \ \ 
\ 
Stable 




of a Transverse Component of the  Magnetic Field.  
The S t a b i l i t y  Cr i te r ion  for a Posi t ive Column Showing the  Effect  
transverse'Blongitudinal ) ( tan  9 = B 
6 
0 It is  apparent t h a t  the  plasma is  more stable f o r  8 = 3 
8 = 0 
the  region i n  which the plasma i s  stable increases i n  s i z e  as 
This phenomenon i s  explained by the f a c t  t h a t  the  e lec t ron  mobility along the  
column i s  sharply reduced for  8 > 0. I n  t h i s  manner the  transverse magnetic 
f i e l d  inh ib i t s  the space charge separation t h a t  drives the i n s t a b i l i t y .  
than f o r  0 and, i n  f ac t ,  a general conclusion of the theo re t i ca l  analysis  i s  t h a t  
8 increases. 
I n  order t o  determine the  onset of the  i n s t a b i l i t y ,  it is  necessary t o  
consider the experimental locus of the parameter E/T as a function of B 
i n  a given discharge (figure 4) .  
s t a b i l i t y  curve determines the c r i t i c a l  values of the magnetic and e l e c t r i c  
f i e l d s .  I n  a given discharge it i s  found experimentally t h a t  E/T decreases 
monotonically with B for 8 = 0 . This i s  due t o  the  reduction i n  the 
value of the ambipolar diffusion coeff ic ient  across the rnagnctic f i e ld .  
However, for  0 3 0, E/T increases with B because of the  presence of a 
force due t o  the  cross product of E and Btransverse which leads t o  in -  
creased plasma losses.  
the plasma which r e s u l t s  i n  a la rger  value of 
temperature (T)  i s  r e l a t i v e l y  insens i t ive  t o  these e f f e c t s  (7). 
The point where t h i s  locus crosses the 
0 
Thus a la rger  e l e c t r i c  f i e l d  i s  required t o  maintain 
E/T because the  e lec t ron  
e =  oo --- 
e = 3' - 
0 
FIGURE 4. Experimental Locus of E/T vs. B f o r  a Given Discharge Showing 
the Point a t  which the Locus Crosses the  S t a b i l i t y  Curve. 
7. Beckman, L., h o c .  Phys. SOC., 6 l ,  51.5 (1948). 
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From f igure 4 we can draw the  conclusion t h a t  fo r  a given discharge the 
c r i t i c a l  e l e c t r i c  f i e l d  w i l l  be higher and the c r i t i c a l  magnetic f i e l d  w i n  
be lower when 9 i s  changed from 0' t o  3'. Figure 5 provides experimental 
j u s t i f i ca t ion  of t h i s  point i n  the  form of a p lo t  of po ten t ia l  along the 
column versus longitudinal magnetic f ie ld .  Data a re  presented f o r  several  
values of 9. The c r i t i c a l  points for onset of the i n s t a b i l i t y  a re  indicated 
by arrows. 
pends on the angle 9 f o r  a number of gas pressures. A s  expected, 
decreases s ign i f icant ly  with increasing 9. 
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FIGURE 5. Variation of the Potent ia l  Along the  Posit ive Column (Vz) as  
a Function of the  Longitudinal Component of  the Magnetic F ie ld  
Values of 9. The arrows show the values of the longitudinal component of 
t he  c r i t i c a l  magnetic f i e ld .  
(B. ) f o r  Various 
The modi f ied-s tab i l i ty  c r i t e r ion  has been subjected t o  a computer analysis 
(i) As 8 increases, the  frequency of o sc i l l a t ion  of the i n s t a b i l i t y  
(ii) The rn = 1 perturbation (see equation 1) i s  the l e a s t  s tab le  a t  
with the  following r e su l t s :  
i s  predicted t o  increase. 
8 = 0' and is  therefore  the  first i n s t a b i l i t y  t o  appear. When 8 
increases, the m = 2 i n s t a b i l i t y  should dominate. The i n s t a b i l i t y  
mode change from m = 1 t o  rn = 2 should be evidenced by a sudden 
change i n  osc i l l a t ion  frequency and a change i n  the  character of 
the Bc VS. 8 curve. 
a 
1sooC. 
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Angular Def lec l~on  e (degrees) 
F I G U m  6. Dependence of Critical Magnetic Field (Be) upon the Angle 8. 
These predictions are substantiated by the experimental results shown 
in figure 7, which shows the observed oscillation frequency as a function of 
8 for various pressures. It should be noted that the vicinity of the 
discontinuity corresponds to the slight irregularities apparent in the 
curves shown in figure 6. 
m = 2 
Bc vs. 0 
KEAT CONDUCTION I N  PLASMA 
Previous work ( 8 )  on plasma diffusion is being extended to h- pat conduc - 
tion. This is a continuation of the study of transport phenomena in plasmas. 
The problem is that the traditional description in terms of linear transport 
laws and transport coefficients is not appropriate, conceptually, in a fluctu- 
ating or rapidly varying external force field, or during the early stages of 
an irreversible process. 
8 -  Huchital, D. A. and E. H. Holt, Plasma Diffusion as an Initial Value Problem, 
Plasma Research Laboratory, Rensseiaer Polytechnic Institute, Technical 
Report No. 1.5, December, 1964. 
Huchital, D. A. and E -  H. Holt, 
on Phenomena in Ionized Gases, Belgrade, 1965. 
Paper 4.2.2(4), 7th International Conference 
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FIGURF: 7.  Variation of Osci l la t ion 
Frequency a t  B = B a s  
C 
a Function of the Angle 0. 
Angular Deflection 8 (degrees) 
If heat conduction i s  described i n  the  t r ad i t i ona l  way, then the heat 
flux vector 9 is  re la ted  t o  the gradient of temperature Q T and the heat 
conductivity by the  following equation: 
and the time-dependence of the s t a t e  of the  f l u i d  i s  governed by 
Equation ( 5 )  can be generalized by the  method of i r revers ib le  thermodynamics (9) 
t o  include contributions t o  the heat f lux due t o  gradients i n  other properties,  
and it can be generalized t o  include e f fec ts  of i n t e rna l  s t ructure .  The t rans-  
por t  coef f ic ien ts  can be re la ted  t o  par t ic le  parameters by the method of 
9. DeGroot, S. and P. Mazur, Non-equilibrium Thermodynamics, North Holland 
Publishing Company, Amsterdam, 1962. Chapter 11. 
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k ine t i c  theory (10) 
the  present theory of heat conduction, whether i n  plasma or other materials. 
This theory i s  qui te  l imited conceptually as it is b u i l t  upon eqs. ( 5 )  and (6), 
which cannot take account of a rb i t r a ry  i n i t i a l  conditions. 
the theory -has been qui te  successful i n  applications t o  f lu ids .  
of the theory has been carried over i n t a c t  t o  the study of plasma ( l O , l l ) ,  
and the treatment of heat conduction i n  plasma has been a matter of determining 
parameters i n  the t r ad i t i ona l  description (10,11,12). Although the description 
has been modified t o  take in to  account the long-range interact ions of charged 
pa r t i c l e s  (ll), and experiments have been developed i n  which coupling w i t h  
other processes i s  suppressed (D), 
the  form of the description based on equations (8) and (9) i n  a manner 
analogous t o  tha t  which we have applied t o  diffusion ( 8  ). 
is  t o  generate a more general description of heat conduction i n  plasmas and 
t o  determine under w h a t  circumstances it predicts  important deviations from 
the t r ad i t i ona l  theory. 
Equations (5) and (6) with these generalizations cons t i tu te  
I n  s p i t e  of th i s ,  
The framwork 
there  has been no attempt t o  challenge 
OLLT purpose then 
I n  the  first approximation, the  theore t ica l  approach t o  the descr ipt ion 
of heat flow from an i n i t i a l  s t a t e  i n  which there  is  l o c a l  heating of electrons 
can be de7,eloped from the Boltzmann equation i n  the form 
where f (2 ,  3 t) 
and veloci t ies ,  (5 x), 5 = (e/rn)(E + x B) - i s  the  external  force per 
un i t  mass acting on the electrons,  and is  the collisTon in t eg ra l  f o r  
electron-neutral  col l is ions.  
emphasizes the co l l i s ions  i n  the lowest approximation, we obtain the t r a d i t i o n a l  
descr ipt ion of transport  phenomena -- which i s  not appropriate i n  an a rb i t ra ry ,  
non-equilibrium s ta te .  I f  we introduce the  expansion of f i n  spherical  
harmonics on velocity space, we obtain the descr ipt ion which has been used 
t o  emphasize i n i t i a l  conditions i n  the descr ipt ion of diffusion (8). 
ing this  l a t t e r  course, we write 
i s  the density of e lectrons i n  the phase space of posit ions 
Jm 
If w e  introduce a perturbation expansion t h a t  
Follow- 
where the Y a r e  the spherical  harmonics. Putting (8) in to  (7) and using 
the  orthogonality properties of the spherical  harmonics, we obtain a hierarchy 
a m  
10- chap-, S- and T. G. Cowling, 
Cambridge, 1952. 
Mathematical Theory of Non-Uniform Gases, 
11- Spitzer, Lo and R. H a r m ,  Phys. Rev. &, 977 (1953); L. Spitzer,  Physics 
of Fully Ionized Gases, Interscience,  New York, 1953- 
12. Goldstein, Lo and T. Sekiguchi, 
Sekiguchi, T. and R. C. Herndon, 
Phys. Rev. 109, 625 (1958); 
Phys. Rev. 112, 1 (1958). 
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of coupled equations f o r  the  coeff ic ients  i n  eq. (8): 
where R i s  eB/m and 
i n  which S is  the  sca t te r ing  cross section, P i s  a kgendre  polynomial, 
and fN is  the density of neutrals  i n  the  one-particle phase space. The 
coeff ic ients  K( 1 , m; L,M) i n  (9) a r e  the  operators: 
K( A,m;  4,~) = o f o r  any M 
These equations can be used t o  f ind  an approximate formula f o r  
then be used t o  predict  the var ia t ion  of temperature from m b i t r a r y  i n i t i a l  
conditions without appealing t o  the l inear Fourier l a w  f o r  heat flow. 
i n  the  predict ion would grow with time, for t h i s  treatment emphasizes early 
s tages  of the  i r revers ib le  process, but it should be possible t o  determine 
f, which can 
Errors 
whether there is quick relaxat ion t o  t r a d i t i o n a l  heat flow. 
This approach t o  the descr ipt ion of heat  flow would make use of a l l  of 
the  data  obtained i n  experiments like those of reference 12. 
the  in te rpre ta t ion  of those data i n  terms of t h e  t r a d i t i o n a l  descr ipt ion makes 
minimal use of the data. 
By contrast ,  
CESIUM PLASMA GENERATOR 
Further design and construction of the cesium plasma c e l l  has progressed 
1. 
i n  the following areas: 
preliminary performance tests. 
The electron gun assembly has been completed and i s  now undergoing 
The design of  the neut ra l  plasma region has been completed. 
Diagnostics techniques have been investigated.  
a. 
b. The use of microwave measurements has been explored. 
The power supplies necessary t o  dr ive the e lec t ron  gun assembly 
2. 
3. 
Special ly  designed Langmuir probes have been constructed. 
4. 
have been b u i l t  and tested. 
The two  major design c r i t e r i a  which have been followed are the attainment 
of high equilibrium plasma density and the  demountability of the  major com- 
ponents of the generator. The most important feature of the design as regards 
the  f i r s t  c r i te r ion  i s  the use of independent vacuum chambers f o r  housing 
each of the two filaments. 
tantalum plates which ionize the cesium atoms on contact. 
These provide the electrons used t o  heat t he  
The dimensions of the  c e l l  lead t o  the  predict ion of an ult imate plasma 
density of between and 1015 charged p a r t i c l e s  per C.C. Figure 8 
shows the relat ionship between the expected plasma densi ty  and the col lector  
temperature. 
Electron Gun Assembly 
A f i g u r e  from the previous status repor t  i s  reproduced here (f igure 9) 
f o r  comparison w i t h  the  present e lec t ron  gun assembly ( f igure  10). The design 
shown is  completely demountable and consis ts  of th ree  sect ions;  the enclosure, 
the  filaments, and the col lector .  
The Enclosure 
flange. Two tungsten rods, 80 mils. i n  diameter, a r e  f ixed  i n  a g lass  press 
arrangement and have female connectors brazed t o  them- 
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FIGURE 8. 
Plasma Generator and the  Collector (Hot P la t e )  Temperature. 
a r e  shom as f-mctions of the  r a t e s  of posi t ive ion generation and e l ec t rnc  
Relationship between the  Expected Plasma Density i n  the  Cesium 
These qgant i t ies  
emission renn+=n+iTr-l -r 





FIGUm 9. Electron G u n  Assembly. 
status report .  
The o r ig ina l  design a s  shown i n  the previous 
14 
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FIGURE 10. Expanded View of the  Electron G u n  Assembly as Fina l ly  Constructed. 
The Filament Region 
The filament region consis ts  of 2 tantalum rods, 80 mils. i n  diameter, 
f ixed i n  a second g lass  press with appropriate vacuum pumping holes. 
g lass  press is  sealed t o  a kovar spinning as shown which i s  screwed d i r ec t ly  
t o  the  center flange. 
t o  the ends of the tantalum rods and enclosed by a cy l indr ica l  heat shield,  
which i s  held at the  same potent ia l  as the filaments. 
This  
A tungsten filament 25 m i l .  i n  diameter i s  attached 
The Collector 
material must have a work function greater  than t h i s  value. 
were considered, tungsten (4.52 ev.)  and tantalum (4.19 ev.). 
for the following reason. 
point of 3668'~. 
techniques. 
melting point of 327OoK. 
atures and is extremely corrosion r e s i s t a n t .  
Since cesium has an ionizat ion po ten t i a l  of 3.87 ev., the co l lec tor  
Two materials 
We chose tantalum 
Tungsten i s  a re f rac tory  metal with a melting 
This  makes it necessary t o  employ spec ia l  fabr ica t ion  
Tantalum on the other hand, i s  a very duc t i l e  material  with a 
It exhib i t s  a low vapor pressure a t  high temper- 
The col lector  has a cy l ind r i ca l  shape, 600 mil .  i n  diameter, 20 mil. 
w a l l  thickness, and 3.5 inches long. 
10 m i l .  for a length of 1/2 inch i s  employed t o  induce a temperature 
gradient along the length of the co l lec tor .  Th i s ,  i n  e f f ec t ,  maintains high 
temperatures at the  co l lec tor  end while t he  fi lament end i s  cool. 
A reduction i n  the w a l l  thickness t o  
Neutral Plasma Region 
A schematic of the design of t he  neu t r a l  plasma region of t h e  generator 
i s  shown i n  f igure 11. The sect ions containing t h e  cesium plasma sources 
are under construction as i s  the  fixed probe. 
moveable probe and the  ceramic insu la t ing  sect ions are s t i l l  i n  the  design 
stage. 
The microwave cavity, the 
Commercially avai lable  ultra high vacuum components are used i n  the  
form of crosses and flanges as shown. 
and may be readi ly  modified. 




Schematic Diagram of the neutral Plasma Region of the Ces ium Plasma 
The Cesium Plasma Sources 
These are shown i n  figure 12 and each consist of a cesium reservoir and 
a viewing port which are shown in  relation t o  the electron collector and hot 
plate, which is part of the electron gun assembly described above. 
Collector and Hot Plate 
1 IC 
FIGURE 12. 
plate from the electron gun assembly are shown. 




The cesium reservoir  acts t o  collimate the  cesium atoms i n t o  a beam 
and then d i r ec t  t h i s  beam towards the  co l lec tor  surface. 
i s  accomplished by the use of 1000 s t a i n l e s s  s tee l  rods 7 mils. inner diameter 
and 1 1/4 inches long. 
the rods i s  l e s s  than the  mean free path of the  cesium atoms a t  the  optimum 
dens i t i e s  t o  be used. Amperex heater  wire is  brazed t o  the  reservoi r  t o  
insure accurate control  of t he  temperature and hence t h e  vapor pressure of 
t h e  cesium. Cesium i s  introduced i n t o  the  reservoir  by heating the pyrex 
container as shown and cooling the reservoir .  Once the  cesium has been driven 
i n t o  the reservoir,  the g lass  i s  drawn off under vacuum. The cesium reservoi r  
i s  at tached t o  the  main tube by means of an ultra high vacuum flange. 
Collimating ac t ion  
The design c r i t e r i o n  i s  such t h a t  t he  diameter of 
The glass  viewing ports  are made of FN glass  attached t o  the flanges by 
means of oxide free seals. 
of the col lector  using an op t i ca l  pyrometer. 
They are used f o r  making temperature measurements 
Diagnostic Techniques 
Two principle  diagnostic techniques are being developed. Fixed and 
moveable Langmuir probes on the one hand and a microwave cavi ty  device on the  
other. 
Langmuir Probes 
The general features  of the construction and e l e c t r i c a l  connections of 
the  Langmuir probes which have been b u i l t ,  but not tested as yet,  are shown 
i n  f igu re  13. 
A special ly  constructed probe is  necessary when alkali vapors are used 
as the  plasma medium. Plasma 
augmentation of t h e  surface conductivity of conventionally insulated probes 
i s  examined i n  de ta i l  by Fowler and Sakuntala (14). The probe construction 
consis ts  of 5, 10, o r  20 mil.  tungsten wire spot  welded and wrapped onto a 
60 m i l .  tungsten rod. This i s  then coated wi th  a 15 m i l .  layer  of high 
densi ty  alumina, a 15  mil.  layer  of tungsten metal, and an outer jacket of 
high density alumina (15 m i l . ) .  
connected t o  a c t  as a guard r ing  and the  co l lec t ion  of plasma pa r t i c l e s  occurs 
only a t  the probe t i p .  
This was pointed out  by Bullis i n  1960 (13). 
The coating of tungsten i s  e l e c t r i c a l l y  
13. Bullis ,  R* H a ,  J. Adv. Energy Conversio+,I( 1 (1960)- 
14. Fowler, R. G o  and M. Sakuntala, J. Chem. Phys. 1z, 824 (1957). 
R 
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FIGURE 13. Langmuir Probe Construction and E l e c t r i c a l  Connectioris . 
Power Supplies 
The filament power supplies have been designed and b u i l t  t o  produce a 
maximum output of 20 vo l t s  a t  40 amps. with r ipple  l e s s  than 0.5%. 
operate with e i t h e r  terminal grounded or both output terminals f loa t ing  a t  
a maximum potent ia l  of 2500 v o l t s  above o r  below ground. 
an ac t ive  s o l i d  s t a t e  f i l t e r  network and a diode bridge r e c t i f i e r .  
They 
The power u t i l i z e s  
The col lector  power supplies have been designed and b u i l t  t o  produce a 
m a x i m u m  output of 3000 vo l t s  a t  800 ma. continuous operation with a r ipp le  
less than 1%. 
f l o a t  a t  a maximum of 5000 v o l t s  above o r  below ground. 
employs a three section Lc f i l t e r  network and a diode bridge r e c t i f i e r  c i r cu i t .  
They employ posit ive or negative ground, or both terminals may 
The power supply 
THE ELECTRON VELOCITY DISTRIBUTION F’UNCTION I N  MAGNEZOPLASMAS 
The magnetoplasma c e l l  (15) i n  the  bakable version which was described 
i n  the  last  report has been used i n  a study of the form of the  e lec t ron  
ve loc i ty  d is t r ibu t ion  function i n  the  afterglow of a nitrogen plasma. This 
work extends the previous work on the  nitrogen afterglow (16). 
microwave radiometer (17) has been used again t o  measure the  rad ia t ion  t e m -  
perature o f  the e lec t ron  gas const i tuent  of the plasma. However w i t h  the  
addi t ion of a magnetic f i e l d  it has been possible t o  adapt a technique used 
t o  analyze steady state plasmas (18) which provides information about the  
form of the electron ve loc i ty  d i s t r ibu t ion  function. 
The gated, 
Fields ,  Bekefi and Brown (18) have shown t h a t  the rad ia t ion  temperature 
of a plasma can be wr i t ten  i n  terms of the  e lec t ron  ve loc i ty  d i s t r ibu t ion  Tr 
f’unction as follows: 
where 
of the  electron ve loc i ty  v. 
Y ( v )  i s  the electron-neutral  co l l i s ion  frequency which i s  a function 
u) is the frequency of the  rad ia t ion  
is  the.cyclotron frequency 
U i s  the  e lec t ron  energy 
k i s  the  Boltzmann constant 
If the  form of t he  e lec t ron  ve loc i ty  d i s t r ibu t ion  funct ion 
approximated by 
f ( v )  is  
f (v )  aC exp(- bvg) 
and Y ( v )  is  wr i t ten  i n  terms of the  c o l l i s i o n  cross  sec t ion  6d as 
can be writ ten as 
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exp( - bvl)v3 dv 
exp( - bv ) v dv 
c:(v) + AK/v2 
16 where A K = (w - u+) /Po and K = 10 
m i s  the  e lec t ron  mass 
In order t o  solve equation (14) by numerical computation w e  have quantized 
the  co l l i s ion  frequency over appropriate ve loc i ty  ranges. Thus w e  write 
t he  value of A depending on the  range of v. Final ly ,  the  use of incomplete 
f a c t o r i a l  functions permits equation (14) t o  be wr i t ten  as 
i 
The advantage of t h i s  formulation is  t h a t  f o r  spec ia l  argument ranges 
the  incomplete f a c t o r i a l  function may be approximated by very simple asymptotic 
PXF-ES~SR~, t k ~ s  fac i l l t a t i i lg  coniputatiuri. 
The results of t he  nunerical solution of equation (15) a re  i l l u s t r a t e d  
i s  p lo t ted  as a function of A for various values 
represents  t he  Msxwellian d i s t r ibu t ion  function. When .( 4 2 
Tr by figure 14, where 
of f and f o r  a pa r t i cu la r  value of the average electron energy 4 U > . 
value 1 = 2 
t h e  d i s t r i b u t i o n  becomes r e l s t i v e l y  r ich  i n  high energy par t ic les .  
t h e  d i s t r ibu t ion  becomes r i c h  i n  low energy p a r t i c l e s  r e l a t i v e  t o  the  Maxwellian 
d i s t r ibu t ion .  
l i k e  those shown i n  f igure  1, each set  corresponding t o  a d i f f e ren t  value of 
the mean e lec t ron  energy 4 U  > . 
The 
When *Q > 2 
The complete numerical results cons is t  of several  s e t s  of curves 
20 
FIGURF: 14. 
the  Radiation Temperature (T,) 
Typical Result of the Numerical Solution of the Equation Relating 
t o  the Frequency Parameter . (Equation 15)- 
Experimental Results 
The conduct of the experiment w i l l  be described by reference t o  figure 15 .  
A pulse duration of 10 microseconds was used. 
A r epe t i t i ve  discharge was established i n  the  plasma c e l l  a t  a r a t e  of 100 
pulses per second. 
voltage and current t o  the c e l l  were adjusted t o  provide an energy input of 
50 mill i joules  per pulse. 
The input 
A typ ica l  set of values was 2000 v o l t s  and 2.5 amps. 
Plasma 
Pulser 
I Variable I Noise Source 
magnetic Field 
FIGURE 15. 
the  Distribution Function i n  an Afterglow Plasma- 
Schematic Diagram of the Experiment Used t o  Determine the Form of 
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A gate time f o r  the  radiometer was selected.  This determined the  p a r t  of 
t h e  afterglow plasma t o  be studied. Time equal t o  zero was defined as the 
terminating point of t he  voltage pulse t h a t  produced the  ac t ive  discharge. 
magnitude of t he  longi tudinal  magnetic f i e l d  w a s  set a t  the desired value. 
The magnet p o w e r  supply present ly  available l imited t h e  maximum f i e l d  s t rength  
t o  2700 gauss. 
t i o n  in t ens i ty  occurring when w w a s  equal t o  % which required a f i e l d  
s t rength of 3200 gauss a t  the receiver frequency used. 
with a 7000 gauss capabi l i ty  is  due t o  be delivered short ly .  
The 
This w a s  not sufficient t o  allow an examination of t he  radia- 
However a power supply 
The radiometer i s  nulled by adjusting the  precis ion at tenuator  i n  the  
var iable  noise source and t h e  radiat ion temperature T i s  thereby determined r (17) 
After the magnetic f ie ld  s t rength had been changed the  radiometer was 
nulled again and t h i s  procedure was repeated u n t i l  t he  var ia t ion  of Tr as a 
function of A had been determined f o r  t h i s  one par t icu lar  t i m e  i n  the  a f t e r -  
glow. 
i n  the  afterglow and a new p lo t  of T vs. A w a s  obtained. This procedure 
w a s  repeated u n t i l  the Tr vs. A plo ts  f o r  a l l  desired times i n  the  afterglow 
had been obtained. 
The se t t i ng  of t h e  radiometer gate was then adjusted t o  a d i f f e ren t  time 
r 
The next s t e p  was t o  f i t  t h e  experimental p lo t s  t o  the  theo re t i ca l  p lo t s  
(of  t he  type shown i n  figure 14) i n  order t o  determine how the  values of 1 and 
of the  mean electron energy < U >  vary during t h e  afterglow period. 
The results are shown i n  figures 16 and 17 which p lo t  t h e  values of the 
mean e lec t ron  energy 4 U > and the  exponential parameter , respectively,  
as functions of time i n  the  afterglow. 
Pressure 
5 torr 1.6 t T TT 
I 
0 50 
t ( p s e c l  
100 
FIGURE 16. Experimental Result Showing 
the  Variation of the Mean Electron 
Energy 4 U  > as a Function of Time 
i n  the Afterglow. 
Pressure 
5 torr 
FIGURE 17. Experimental Result Showing 
the Variation of the Exponential 
Parameter 1 as  a Function of Time 
i n  the Afterglow. 
Y 
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* We note tha t  the  mean electron energy remains high f o r  20 microseconds i n t o  
the  afterglow and t h a t  it has relaxed subs tan t ia l ly  towards the  energy character-  
i s t i c  of a room temperature gas a f t e r  70 microseconds. I n  order t o  in t e rp re t  
f igure 4 w e  bear i n  mind that a Maxwellian veloci ty  d i s t r ibu t ion  corresponds 
t o  a value of J! equal t o  2. Thus i n  the  f i r s t  20 microseconds 4 2 and 
the  d is t r ibu t ion  maintains a populous high energy t a i l .  From 20 t o  70 micro- 
seconds A > > and the  d i s t r ibu t ion  contains more low energy electrons than 
i s  representative of t he  equilibrium s t a t e .  
glow t he  Maxwellian form i s  reached, although reference t o  f igure 16shows t h a t  
the electron gas is  still a t  a higher mean energy than i t s  surrowdings.  
By 70 microseconds in to  the  a f t e r -  
The anomalous behavior of the  lltemperaturell of t he  electron gas which was 
previously reported (16) can now be understood by reference t o  f igure 18. 
we compare the behavior of the radiat ion temperature 
energy of the electron gas. 
t o  a maximum value during the  afterglow period it i s  c l ea r  from the present study 
t h a t  t h i s  behavior i s  not mirrored by the  mean energy of the  electron gas but 
is ,  ra ther ,  due t o  the  sharply varying form of the  electron ve loc i ty  d i s t r ibu t ion  
function in  the ear ly  afterglow. 
Here 
with t h a t  of the  mean Tr Although the radiat ion temperature shows a r ise 
I 
4L 0 0 5 0  100 
FIGURE: 18. 
i n  the Afterglow Plasma i n  Comparison with the  Behavior of the Mean Electron 
Energy. 
Plot of the  "Anomalous" Rise of t he  Radiation Temperature T r 
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P M S  FOR TKE NEXT PERIOD 
Attention w i l l  be directed t o  the  study of t he  d i f f e ren t  modes of the 
Special  probe geometries w i l l  be used 
Microwave cavi ty  techniques w i l l  be 
i n s t a b i l i t y  of the  posi t ive column. 
t o  distinguiski between these modes. 
adapted t o  study density f luctuat ions.  
d i s t r ibu t ions  w i l l  continue. 
i The work on non-Maxwellian veloci ty  
Construction and t e s t i n g  of the  remaining I 
components of t h e  cesium plasma c e l l  w i l l  be completed. 1 
During this period it i s  ant ic ipated t h a t  the group w i l l  move t o  a new 
laboratory i n  the  Materials Research Center a t  Rensselaer. 
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